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Abstract 
The crack growth behavior of low-alloy bainitic 51CrV4 steel was investigated. The current results indicate that the stress state 
present during the isothermal bainitic transformation has a strong influence on the crack propagation behavior in the near 
threshold regime, when the crack growth direction is perpendicular to the loading axis of the original sample undergoing phase 
transformation. However, the influence of stresses superimposed during the bainitic transformation on the crack growth behavior 
vanishes when the stress ratio is reduced from R=0.5 to R=0.1. Microstructural investigations revealed a locally pinned crack, 
indicating that the crack growth behavior in the near threshold regime is also strongly dependent on the local microstructure. 
Overall, the current results constitute the first step towards establishing a database for understanding and modeling the crack 
growth behavior in final work pieces exhibiting functionally-graded microstructures.  
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1.  Introduction 
Steels offer the possibility to tailor mechanical properties by adjusting the temperature-time-deformation path 
during processing, such that properties, such as high strength and good ductility, can be simultaneously triggered. 
Thus, steel is mostly the material of choice when it comes to structural components. Especially during forging, high 
temperature and stress gradients are prevalent, eliminating the possibility to have homogeneous microstructures as a 
result of the forging process. However, experimental evidence shows that the resulting inhomogeneous 
microstructure can be advantageous, such that the local microstructure can be aligned with the local loads by using 
optimized processing routes [1]. Moreover, the production of functionally graded work pieces reduces costs by 
eliminating further heat treatments typically needed to induce the desired distribution of properties [2]. In order to 
optimize the local micorstructures during the forging process, a deep understanding how different parameters, such 
as temperature, stresses and strains, affect the overall process, is needed. Especially for steel products, phase 
transformations have to be considered since they are accompanied by volumetric changes, which might affect the 
dimensional stability. Therefore, experimental data demonstrating the effect of different influence parameters on the 
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phase transformation kinetics and the resulting mechanical properties are indispensable for both understanding the 
ongoing phenomena and allowing for accurate modeling of the forging process and the final work piece behavior. 
One key parameter affecting phase transformation kinetics is temperature, and it is well known that the prior 
austenitization treatment strongly affects the subsequent phase transformation kinetics [3-5]. In addition, stresses 
superimposed during the phase transformation change the transformation characteristics, as well. For instance, phase 
transformation starts earlier and proceeds faster as compared to a stress-free transformation [6-8] upon 
superimposition of stresses even smaller than the yield strength of the supercooled austenite. Especially for bainitic 
and martensitic transformations, the transformation under stress may result in aligned microstructures, since variants 
having a preferred orientation with respect to the external loading axis evolve at the expense of other possible 
variants [9].  
However, the question of how an aligned microstructure affects the local mechanical properties of the final work 
piece remains to be answered for accurate modeling of the lifetime of a work piece under given circumstances. For 
instance, when the final work piece is subjected to cyclic loads, the endurance limit is often the parameter used for 
designing [10]. But as small cracks form, the endurance limit can no longer be considered as a safety border since 
the forming cracks will eventually propagate under cyclic loading. Therefore, concepts based on fracture mechanics 
approaches come into consideration [11-13], i.e. characterization of the crack growth behavior in the presence of a 
viable crack. In the near threshold regime, however, parameters, such as the local microstructure, residual stresses or 
the load ratio, dominate the crack growth behavior [14-16].  
The current work approaches this problem from a broader perspective, such that the determination of crack 
growth rates in both the Paris regime and the near threshold regime were placed under focus for a bainitic 
microstructure prevalent in the considered forging process. For this paper, a bainitic microstructure was induced in 
an elastically loaded sample, and miniature compact tension (CT) specimens were then extracted from the 
transformed region HLWKHUSDUDOOHO -RULHQWHGRUSHUSHQGLFXODU -oriented) to the loading axis of the original 
sample. The chosen extraction directions allowed for monitoring the crack growth behavior along the two extreme 
crack growth paths. 
2QHRIWKHNH\ILQGLQJLVWKDWWKHFUDFNJURZWKEHKDYLRUIRUWKH-oriented specimens was strongly dependent 
on the superimposed stress level present during the phase transformation experiments for an R-value of R=0.5, 
whereas this dependence diminished as the load ratio was reduced to R=0.1. Microscopy analysis in combination 
with digital image correlation (DIC) measurements revealed that a localized pinning of the crack was responsible for 
WKLVEHKDYLRU)RUWKH-oriented samples, the effect of superimposed stresses during the phase transformation was 
not significant since the local microstructure, exhibiting bands with large amounts of manganese and sulphur, 
dominated the crack growth behavior, such that the crack growth took place faster due to small cracks initiated 
ahead of manganese sulphide particles, or slower as pinning of the crack occured at an obstacle [17]. Overall, the 
current results identified the main influence parameters affecting the crack growth behavior of the bainitic 51CrV4 
steel, which is important for any realistic modeling effort of the crack growth behavior in functionally graded 
materials. 
2. Experimental procedures 
The low alloy 51CrV4 steel used in this study showed only minor sample-to-sample variations in the chemical 
composition. This is crucial to guarantee a good repeatability of the phase transformation experiments, and thus, 
allows for a good comparability between the fatigue crack growth experiments. All specimens used for the directed 
phase transformation experiments were machined out of bars from the same production batch. The custom built test 
rig used for phase transformation experiments utilizes a servohydraulic load frame equipped with an axial 
extensometer (Figure 1). Direct current heating was used to heat up the specimens within 1 min up to a temperature 
of 1050 &$IWHUKROGLQJWKHWHPSHUDWXUHconstant for 2 min the specimens were cooled down via gas quenching to 
a temperature of 340 &, where the samples were held for 30 min. This ensured a complete bainitic microstructure 
upon cooling down to room temperature.  
To study the effect of superimposed stresses present during the phase transformation on the subsequent fatigue 
crack growth behavior, additional experiments were carried out with a stress of 100 MPa superimposed during the 
bainitic transformation. Following the isothermal bainitic phase transformation experiments, miniature CT 
specimens similar to those described in the ASTM standards [18] were electro discharged out of the transformed 
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specimens, such that the fatigue crack growth direction was either perpendicular (Fig. 2a, -orientation), or 
parallel (Fig. 2b, -orientation) to the loading axis of the specimens. Since the miniature specimens do not meet the 
thickness criterion to determine the critical stress intensity factor (KIc), the crack growth curves are shown only up to 
the end of the Paris regime, i.e. the region where linear elastic fracture mechanics is still applicable.  
 
 
Fig. 1. Test rig used in the phase transformation experiments: (1) pyrometer, (2) nozzles used for gas quenching, (3) extensometer for axial strain, 
(4) specimen (5) direct current heating.  
 
Fig. 2. Geometry of CT specimens used in the crack growth experiments.  
All crack propagation experiments were conducted in laboratory air. The crack length during the experiments 
was determined using the potential drop method [19], with the current limited to 5 A to avoid any temperature 
increase in the specimen. The occurring potential drops during crack growth were measured utilizing a voltmeter 
with nanovolt resolution, such that the actual crack length and the actual stress intensity factor were easily calculated 
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using the commercial LabView software. All experiments were performed at a constant frequency of 20 Hz under 
ǻ.FRQWUROand with stress ratios of R=0.1 or R=0.5, utilizing DQLQLWLDOYDOXHRIǻ.  03D¥PRUǻ.  03D¥P
respHFWLYHO\7KHǻ.YDOXHZDVNHSWFRQVWDQWXQWLODJLYHQFUDFNOHQJWKZDVUHDFKHG, and then reduced in a step-
wise manner in order to achieve crack growth rates in the near threshold regime. For the determination of the crack 
growth rates in the Paris regime for R-values of R=0.1 and R=0.5, initial ǻ. YDOXHV RI ǻ.  03D¥P DQG
ǻ.  03D¥PZHUHXVHG, respectively, followed by a step-ZLVHLQFUHDVHLQǻ. 
In order to shed light on crack opening mechanisms, local displacement measurements were performed utilizing a 
commercial air brush system to deposit a random speckle pattern onto the samples. Since conventional paint is not 
suitable to deposit a speckle pattern with small single particles needed for highly accurate local displacement 
measurements [20], a solution consisting of isopropanol and technical purity silicon (Si) particles was used to 
deposit the desired random speckle pattern with small Si particles. To monitor the displacement evolution during 
one load cycle, pictures of the surface were made at different K values using a Keyence microscope with a long 
distance lens and a magnification of 500 î at a working distance of 85 mm. For the analysis of the local 
displacements VIC-2D software was utilized. Fracture surfaces were analyzed with a scanning electron microscope 
(SEM) operating at a nominal acceleration voltage of 20 kV. The roughness of the fracture surfaces was monitored 
with an Olympus LEXT OLS 31±SU confocal laser scanning microscope (CSM) ZLWKDYLROHWODVHUȜ QP 
3. Results and Dicussion 
Figure 3 summarizes the fatigue crack growth behavior of bainitic 51CrV4 steel depending on several influence 
parameters, such as superimposed stress level present during the bainitic phase transformation, the crack growth 
direction with respect to the loading axis during the phase transformation, and the stress ratio. As shown in 
Figure 3a, a superimposed stress of 100 MPa during prior isothermal bainitic phase transformation had only a minor 
effect on the subsequent FUDFNJURZWKEHKDYLRURI WKH-oriented specimens for a positive stress ratio of R=0.5. 
However, DSURQRXQFHGGLIIHUHQFHLQFUDFNJURZWKEHKDYLRUIRUWKH-oriented specimens, especially in the near 
threshold region, was visible. The ǻ.th YDOXHGHFUHDVHVIURP03D¥PIRUDVSHFLPHQWUDQVIRUPHGXQGHU]HURVWUHVV
to 3.3 03D¥PIRUDVSHFLPHQ WUDQVIRUPHGXQGHU03D0RUHRYHU, WKHFUDFNJURZWKUDWHIRU ORZHUǻ.YDOXHV
differed significantly. Specifically, specimens transformed under zero stress exhibited a crack growth rate of   
3.4 x 10-7 mm/F\FOHDWDǻ.YDOXHRI 03D¥P, whereas the crack growth rate for the specimens transforming 
XQGHUVWUHVVIRUWKHVDPHǻ.YDOXHwas more than 10 times higher (4.9 x 10-6 mm/cycle). Additional residual stress 
measurements performed following the directed phase transformation experiments revealed that the specimens 
transformed under stress exhibited KLJK UHVLGXDO WHQVLOH VWUHVVHV LQ WKH -orientation, DV ZHOO DV LQ WKH -
orientation. For the specimens transformed without superimposed stresses, VPDOO UHVLGXDO WHQVLOH VWUHVVHV LQ -
RULHQWDWLRQDQGUHVLGXDOFRPSUHVVLYHVWUHVVHVZHUHIRXQGLQ-orientation [21]. The presence of residual stresses 
influences the effectLYHǻ.-value, such that the effective load increases when residual tensile stresses are present, 
and decreases when residual compressive stresses are present [22], which explains the difference in crack growth 
behavior in the near threshold regime for the two different specimens that transformed under 0 MPa and 100 MPa. 
)RUKLJKHUǻ.YDOXHVDWWKHHQGRI3DULVUHJLPHQRGLIIHUHQFH was visible in the crack growth behavior for the -
oriented specimens transforming under 0 MPa and 100 MPa. This behavior was expected, since the effect of 
UHVLGXDOVWUHVVHVLVRQO\HIIHFWLYHIRUVPDOOǻ.YDOXHV:KHQWKHǻ.OHYHOLQFUHDVHV, the applied external loads also 
increase, such that the crack growth behavior is no longer dominated by residual stresses but by the externally 
applied loads [23]. 
When the crack growth direction was parallel to the loading axis of the bainitic phase transformation sample -
orientation), D ǻ.th value of 4.5 03D¥PZDV REWDLQHG IRU ERWK VSHFLPHQV 03D DQG 03D ,Q DGGLWLRQ, 
similar craFN JURZWK UDWHVZHUH REWDLQHG DW WKH HQG RI WKH 3DULV UHJLPH ,Q WKH 3DULV UHJLPH LH WKHǻ. UHJLRQ
EHWZHHQ DQG03D¥P QRSURQRXQFHG OLQHDU UHODWLRQVKLS IRU WKH VSHFLPHQ WUDQVIRUPHGXQGHU 03DZDV
observed. The reason for the non-linear behavior LQWKH3DULVUHJLPHIRUWKH-oriented specimen that transformed 
under 100 MPa is attributed to the local microstructure. Figure 4 shows a typical SEM micrograph of the fracture 
surface of a -oriented sample. Elongated bands are clearly visible, containing a substantial amount of sulphur and 
manganese, as detected with an energy dispersive spectroscopy (EDS) detector. Since these band structures were 
already visible in the initial bars used to machine the specimens for the directed phase transformation experiments, it 
can be concluded that an austenitization treatment at 1050 & IRU  PLQ ZDV QRW VXIILFLHQW WR GLVVROYH WKHVH
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microstructures6LQFHHORQJDWHGVWUXFWXUHVZHUHGHWHFWHGIRUDOO-oriented fracture surfaces, the hard and brittle 
behavior of the manganese sulfide seems to dominate the crack growth behavior RI WKH -oriented specimens. 
Moreover, the local amount of manganese sulfide can increase or decrease the local crack growth rate [17]. Thus, 
WKHFUDFNJURZWKEHKDYLRURIWKH-oriented specimens transformed under 100 MPa can be attributed to the local 
differences in manganese sulfide content.  
Figure 3b shows the crack growth behavior RI-oriented specimens depending on the R-value. Obviously the 
R-value has a strong influence on the crack growth rates, especially in the QHDUWKUHVKROGDUHDǻ.YDOXHVRI3 and 
8.1 03D¥PZHUHREWDLQHGIRUVSHFLPHQs initially transformed to bainite under an external stress of 100 MPa with 




Fig. 3. Fatigue crack growth rates as a function of the stress intensity factor ǻ.D,QIOXHQFHRIWKHFUDFNJURZWKGLUHFWLRQDQGWKHVXSHULPSRVHG
stress during the prior phase transformation on the crack growth rates, b) influence oI WKH ORDG UDWLRRQ WKHFUDFNJURZWK UDWHRI-oriented 
specimens. 
 
While the superimposed stress present during the prior phase transformation experiment significantly affected the 
FUDFNJURZWKEHKDYLRURIWKH-oriented specimen for a stress ratio R=0.5, no influence of the superimposed stress 
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during the bainitic transformation was YLVLEOHIRUWKH-oriented specimens for a stress ratio of R=0.1. To verify 
ZK\WKHUHVLGXDOWHQVLOHVWUHVVHVSUHVHQWLQWKH- oriented specimens transformed under stress [21] result in higher 
crack growth rates in the near threshold regime as compared to the stress-free transformed specimens only for 
R=0.5, additional investigations were necessary. Thus, CSM was carried out on WKH IUDFWXUH VXUIDFH RI WKH -




Fig. 4. 6(0PLFURJUDSK VKRZLQJ WKH IUDFWXUH VXUIDFHRI D -oriented specimen. EDS analysis revealed that white shimmering areas contain 
relatively large amounts of manganese and sulphur. 
Figure 5 displays a CSM LPDJHRI WKHIUDFWXUHVXUIDFHRID-oriented specimen, initially transformed under 
100 MPa to bainite. This image was taken from an area where the decrease in crack growth rate was much higher 
than expected for a stress ratio of R=0.1 when ǻ. was decreased from WR03D¥PPDUNHGZLWKDQDUURZ
in Figure 3b). For the specimen that transformed under 100 MPa, the crack growth rate decreased by a factor of 3.2 
whereas the decrease in crack growth rate for the specimen transformed under 03DZDVRQO\IRUWKHVDPHǻ.
step. As shown in Figure 5, a significantly large step-like extrusion with a height difference of 91 ȝm is present in 
this area. This value is quite high as compared to the montonic plastic zone, which was calculated to be 40 ȝm 
[25,26] and the cylic plastic zone, calculated to be 8 ȝm [26]. Moreover the crack opening displacements visualized 
via DIC showed 100 ȝm behind the crack tip displacements up to 1.5 ȝPDW. 03D¥P(Figure 6). This value is 
in accord with the calculated value for the crack tip opening displacements for K=20 03D¥P[10] and is thus much 
smaller than the observed step-like extrusion on the fracture surface. 
To verify the influence of the step-like extrusion on crack propagation in the near threshold regime, additional 
SEM investigations were performed on the fracture surface of the aforementioned specimen. The SEM analysis 
evidenced that the occurring extrusion strongly affected the local crack growth behavior, such that the crack 
propagates much faster in the area without extrusions (right hand side in Figure 7). Thus, the step-like extrusion 
blocks the crack locally, such that the occurrence of residual tensile stresses due to the superimposition of stress 
present during the phase transformation has no influence on the crack growth rate in the near threshold regime. In 
fact, local inhomogeneities overcompensate for the effect of residual tensile stresses on the crack growth rate, such 
that the crack growth behavior in the near threshold regime is only dominated by the local microstructure.  
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Fig. 5. CSM image showing the local topography of a  specimen. The bainitc transformation occurred at a superimposed stress of 100 MPa. 
The image was taken from an area where the decrease in crack growth rate was much higher than expected from the stress-free transformed  
specimen. 
A thorough understanding of the crack growth behavior in final work pieces requires a good grasp of how 
different influence parameters, such as load ratio, local microstructures, or the superimposition of stresses present 
during the phase transformation, affect the local crack growth behavior. The experimental results obtained in the 
current study revealed that superimposed stresses applied during the previously directed phase transformation 
experiments result in local residual tensile stresses. Furthermore, the occurrence of residual tensile stresses strongly 
affects the crack growth behavior, especially in the near threshold regime, as long as local microstructural 
inhomogeneities are absent. When inhomogeneities are prevalent, the crack can be pinned locally such that the crack 
growth behavior is dominated by the local microstructure. Overall, the current results clearly demonstrate the 
necessity of separately monitoring the influence of different parameters on the crack growth behavior in order to 
accurately model the crack growth behavior in a final work piece, when all influence parameters are simultaneously 
effective. 
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Fig. 6. DIC images demonstrating the evolution of displacement with increasing stress intensity factor K.  
 
)LJ6(0PLFURJUDSKVKRZLQJWKHIUDFWXUHVXUIDFHRID-oriented specimen transformed under 100 MPa and cycled with R=0.1. The image 
shows the transition from low to high ǻ.. 
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4. Conclusions 
The present study was undertaken in order to investigate the influence of stresses superimposed during the 
isothermal bainitic phase transformation on the subsequent fatigue crack growth behavior. For this purpose, fatigue 
experiments, digital image correlation (DIC) measurements, and microscopy were performed on CT specimens 
extracted by electro discharge machining from the specimens that transformed to bainite. Based on the results 
presented herein, the following conclusions can be drawn:  
 Stresses superimposed during the isothermal bainitic phase transformation affected the fatigue crack growth 
behavior of CT specimens RULHQWHG DW  WR WKH ORDGLQJ D[LV of the initial sample undergoing phase 
transformation. The effect became pronounced in the near threshold regime for R-values of R=0.5. 
 For lower R-values (R=0.1) no effect of the superimposed stresses present during the phase transformation 
experiment was detected IRUWKH-oriented specimens, mainly due to localized pinning of the crack. This was 
visualized using both confocal laser scanning microscopy and scanning electron microscopy investigations.  
 )RU WKH -oriented specimens (R=0.5) no pronounced effect of the stresses superimposed during the phase 
transformation was monitored. This is attributed to the band-like microstructure with a significant amount of 
inhomogeneities, such as manganese and sulphur. Therefore, the crack growth behavior was dominated by the 
local microstructure for this type of specimens.  
Acknowledgements 
Financial support by Deutsche Forschungsgemeinschaft within the Transregional Collaborative Research Centre 
755  Ä3UR]HVVLQWHJULHUWH +HUVWHOOXQJ IXQNWLRQDO JUDGLHUWHU 6WUXNWXUHQ DXI GHU *UXQGODJH WKHUPR-mechanisch 
JHNRSSHOWHU3KlQRPHQH³LVJUDWHIXOO\DFNQRZOHGJHGThe authors would also like to thank Mr. Alexander Eberlein 
for his assistance with the crack growth experiments, DQG0U$OH[DQGHU*UQLQJfrom the University of Kassel for 
carrying out the residual stress measurements. 
References 
[1] *|NHQ-%HUJPDQQ.%DHW]:6WHLQKoff K. Functional gradation of gear shafts of cementation steel and its influence of damping 
and microstructure, Mater. Characterization 2006;57:137-149. 
[2]  :HLGLJ 8 +EQHU . 6WHLQKRII .. Bulk steel products with functionally graded properties produced by differential thermo-
mechanical processing. Steel Research Int. 2008;79:59-65. 
[3]  Lambers H-G, Tschumak S, Maier HJ; Canadinc D. Pre-Deformation ± Transformation Plasticity Relationship during Martensitic 
Transformation. Mater. Sci. Eng. A 2010;527:625-33. 
[4]  Sastri AS, West DRF. Effect of austenitizing conditions on the kinetics of martensite formation in certain medium-alloy steels. J. Iron 
and Steel Institute 1965;203:138-45. 
[5]  Meyerson MR, Rosenberg SJ. The influence of heat treating variables on the martensite transformation in SAE 1050 steel. Trans. 
ASM 1954;46:1225-53. 
[6]  Lambers H-G, Tschumak S, Maier HJ, Canadinc, D. Role of austenitization and pre-deformation on the kinetics of the isothermal 
bainitic transformation Metall. Mater. Trans A 2009;A40:1355-66. 
[7]  Bhadeshia HKDH, David SA, Vitek JM, Reed RW. Stress induced transformation to bainite in Fe-Cr-Mo-C pressure vessel steel. 
Mater.. Sci. Tech.1991;7:686-98. 
[8]  Ahrens U, Besserdich G, Maier HJ. Sind aufwendige Experimente zur BesFKUHLEXQJ GHU 3KDVHQXPZDQGOXQJ YRQ 6WlKOHQ QRFK
]HLWJHPl" HTM 2002;57:99-105. 
[9]   Magee CL. Transformation kinetics, microplasticity and aging of martensite in Fe-31Ni. Ph. D. Thesis. Carnegie Mellon 
University. Pittsburgh. USA; 1966. 
[10] Suresh S. Fatigue of Materials. 2nd ed. Cambridge: University Press, 1998. 
[11] Paris P, Gomez M, Anderson W. A rational analytic theory of fatigue. Trend Eng. 1961;13:9-14. 
[12] Paris P, Erdogan F. A Critical Analysis of Crack Propagation Laws J. Basics Eng. 1963;85:528-34. 
H.-G. Lambers et al. / Procedia Engineering 2 (2010) 1373–1382 1381
10 H.-G. Lambers et al. / Procedia Engineering 00 (2010) 000±000 
[13] Richard HA, Sander M, Fulland M, Kullmer G. Development of fatigue crack growth in real structures. Eng. Fract. Mech. 
2008;75:331-40. 
[14] Niendorf T, Rubitschek F, Maier HJ, Niendorf J, Richard HA, Frehn A. Fatigue crack growth ± Microstructure relationships in a high-
manganese austenitic TWIP. Mater. Sci. Eng. 2009, doi:10.1016/j.msea.2009.12.012. 
[15] Pouget G, Reynolds AP. Residual stress and microstructure effects on fatigue crack growth in AA2050 friction stir welds. Int. J. 
Fatigue 2008;30:463-72. 
[16] Jang C, Cho P-Y, Kim M, Oh S-J, Yang J-S. Effects of microstructure and residual stress on fatigue crack growth of stainless steel 
narrow gap welds. Mater. Design 2010;31:1862-70. 
[17] Cadman AJ, Nicholson CE, Brook R. Microstructural Effects at and near the Fatigue Threshold. In: Backlund J, Blom AF, Beevers 
CJ, editors. Fatigue Thresholds Volume I, Stockholm: Aeronaut. Research Inst. of Sweden;1981, p. 293-311. 
[18] ASTM standard E647-08,American Society for Testing and Materials, Annual Book of ASTM Standards, 2008. 
[19] Sander M, Richard HA. Experimental and numerical investigations on the influence of the loading direction on the fatigue crack 
growth. Int. J. Fatigue 2006;28:583-91. 
[20] Niendorf T, Burs C, Canadinc C, Maier HJ. Early detection of crack initiation sites in TiAl alloys during low-cycle fatigue at high 
temperatures utilizing digital image correlation. Int. J. Mat. Res. 2009;100:603-8. 
[21] *UQLQJ$private communication. 
[22] Lados DA, Apelian D, Paris PC, Donald JK. Closure mechanisms in Al-Si-Mg cast alloys and long-crack to small crack corrections. 
Int. J. Fatigue 2005;27:1463-72. 
[23] Liljedahl CDM, Brouard J, Zanellato O, Lin J, Tan ML, Ganguly S, Irving PE, Fitzpatrick ME, Zhang X, Edwards L. Weld residual 
stress effects on fatigue crack growth behaviour of aluminium. Int. J. Fatigue 2009;31:1081-8. 
[24] Elber W. Fatigue crack closure under cyclic tension. Eng. Fract. Mech. 1970;2:37-45. 
[25] Chang X, Petrov R, Zhao L, Janssen M. Fatigue crack growth in TRIP steel under positive R-ratios, Eng. Fract. Mech. 2008;75:739-
49. 
[26] Gdoutos EE. Approximate Determination of the Crack Tip Plastic Zone for Mode-I and Mode-II Loading. In: Gdoutos EE, 
Rodopoulos CA, Yates JR, editors. Problems of Fracture Mechanics and Fatigue, Dordrecht: Kluwer Academic Publishers;2003, p. 75-80. 
 
1382 H.-G. Lambers et al. / Procedia Engineering 2 (2010) 1373–1382
